The present study reports detailed evaluation of mesoporous activated alumina (MAA) for simultaneous removal of two hazardous inorganic species of selenium, namely selenite and selanate, from drinking water. MAA was used after washing with deionized water followed by drying at 110 °C for 8 h. The material was characterized using pXRD, FTIR, zeta potential, SEM and BET surface area measurements. Batch adsorption studies were performed, and various adsorption isotherms and kinetic parameters were computed to delineate the mechanism of adsorption. It was observed that Freundlich adsorption isotherm was the best-fit model for both the species of selenium. The adsorption capacity obtained from Freundlich isotherm for selenite and selenate was found to be 9.02 µg g −1 and 5.38 µg g −1 , respectively. Kinetics studies revealed that adsorption of selenite follows pseudo-second-order model, whereas selenate adsorption follows pseudo-first-order model. The efficiency of the material was also evaluated at different pH and in the presence of different competitive co-ions, which confirms efficacy of MAA at near-neutral pH and lower concentrations of competitive co-ions. Negligible changes in the pH were observed during the course of adsorption. Further, the saturated adsorbent was subjected to regeneration and reuse studies up to ten cycles, showing insignificant reduction in adsorption efficiency of the adsorbent during few initial cycles. The study infers the effectiveness of MAA as a potential adsorbent for drinking water treatment contaminated with selenium.
Introduction
Selenium is one of the micronutrients for living organisms, but is one of the major concerns due to narrow range between deficit and toxicity levels (Goldhaber 2003) . Selenium-contaminated sites are distributed worldwide, with wide range of variation in selenium concentration. The presence of elevated concentration of selenium has also been reported in India (2.3-11.6 mg kg −1 ), particularly from the Northern parts such as Punjab (Bajaj et al. 2011) . Apart from natural sources, anthropogenic sources such as mining operations, application of fertilizer and oil refining can considerably enhance the selenium content in ground water.
Selenium has been reported for its potential toxicity with threats to both wildlife and human health (Hamilton 2004) . The International Agency for Research on Cancer (IARC) classified selenium as a Group-3 carcinogen (Anonymous 2015a, b) . Considering its adverse effects on human health, regulatory authorities such as the WHO (Anonymous 2015) have framed a strict permissible limit of 10 µg L −1 for selenium in drinking water, and this standard has been widely adopted by USEPA , Australia (Anonymous 2011), Japan (Anonymous 2004) , India and Canadian guideline value of 50 µg L −1 (Anonymous 2014).
In natural environments, selenium mainly exists in two dominant inorganic species, namely selenate (SeO 4 2− ) and selenite (SeO 3 2− ). The most mobile forms of selenium in soil, groundwater and seawater are selenite and selenate. Selenium remains in oxyanion form of selenite (SeO 3 2− ) at acidic condition, but at neutral and alkaline range selenate (SeO 4 2− ) is the dominant form. The oxyanion species are water soluble and, especially, the selenate is prone to less adsorption onto soil surfaces and hence more tendency to leach into the aqueous phase. However, mobility, bioavailability and speciation of selenium species are highly dependent on pH and redox conditions. Selenite has been found to be more toxic than selenate and organo-selenium compounds, due to its higher solubility and bioavailability (Torres et al. 2011) .
Various treatment technologies such as lime softening, precipitation/filtration, coagulation, ferrous hydroxide reduction, biological reduction, algal volatilization, reverse osmosis, emulsion liquid membranes, nanofiltration, electro-coagulation and adsorption (Cohen 2006; Smith et al. 2009; Mavrov et al. 2006; Geoffroy and Demopoulos 2011; Butler 2010; Twidwell et al. 1999; CH2 M HILL 2010) have been extensively studied to remove different forms of selenium from contaminated water. Among all the technologies, adsorption provides the better suitability due to its high efficiency, cost-effectiveness and less energy input for operation, socio-cultural acceptance and regulatory compliance (Mohan and Pittman 2007; Ali 2012) . Nanomaterials are a class of adsorbents, with some unique properties, namely high surface-to-volume ratio, large numbers of active sites for interaction with pollutants, ease of separation from the bulk separation, which makes them a preferable option for the removal of a diverse class of pollutants from water (Burakov et al. 2018; Ali 2012) .
Extensive research has been therefore carried out on comparative adsorption of selenate and selenite on a variety of adsorbents ranging from activated carbon to mineral oxides, and it has been reported that selenate is relatively weakly bound, while selenite forms very strong complexes. Some of the promising reported adsorbents for selenite are Ferrihydrite, Goethite, lepidocrocite (Das et al. 2013) , zerovalent iron (Ling et al. 2015) , metal oxides (Chan et al. 2009 ), bentonite (Wang et al. 2015) ; metal hydroxyl-vermiculite complex (Wei 2012) , activated carbon and surface modified activated carbon (Yan et al. 2013; Wasewar et al. 2009a, b) , chitosan-clay composite (Bleiman and Mishael 2010) , maghemite (Jordan et al. 2013) , magnetite , granite (Jan et al. 2008) , TiO 2 (Zhang et al. 2009 ), aluminum oxide-coated sand (Kuan et al. 1998a, b) , layered double hydroxides (Goh and Lim 2010) , lanthanum and aluminum-based oxides (Davis and Misra 1997) , pea nut shell (El-Shafey 2007), mackinawite (Han et al. 2011) . Certain conjugate ligand-based adsorbents such as 3-(3-(methoxycarbonyl)benzylidene)hydrazinyl)benzoic acid (MBHB) ligand-based adsorbent, mesoporous silica-based adsorbent are used for efficient selenite detection and removal from water (Awual et al. 2014 (Awual et al. , 2015 . However, they are ineffective for removal of selenate, as well there are few reports for selenate removal from water, which is the predominant selenium species in the drinking water.
Activated alumina has been suggested by the USEPA as one of the best available treatment technologies for removal of selenium from drinking water (USEPA 1980; CH2 M HILL 2010) . Amphoteric property of activated alumina makes it one of the best choices for water and wastewater treatment systems. Some of the major advantages for the use of activated alumina as adsorbent are abundant availability, low cost, minimum operator attention and ease of operation. Activated alumina has been widely reported to adsorb many oxyanions (Su et al. 2008 (Su et al. , 2010 Singh and Pant. 2004 ). Many workers have attempted to adsorb selenite and selenate on the surface of activated alumina (Rajan 1979; Yuan 1984; Batista and Young 1994, 1997; Papelis et al. 1995; Hornung et al. 1983; Jegadeesan et al. 2003 Jegadeesan et al. , 2005 Trussell et al. 1980; Ghosh et al. 1994 ). The conclusion is that activated alumina shows very good efficiency for selenite, but inefficient for the selenate, which is the dominated species in groundwater. Further, selectivity of activated alumina for selenate is very poor. Many researchers reported that sulfate and bicarbonate have no effect on selenite adsorption, but these co-ions can significantly interfere for adsorption of selenate. These challenges may be overcome by application of engineered mesoporous materials, which have the key advantage of high surface area, controlled pore size and ease of accessibility to surface functionalization. Several reports suggest the application of mesoporous materials significantly enhances adsorption efficiency with a better selectivity for oxyanions and other water pollutants (Kim et al. 2004; Pillewan et al. 2011; Mercier and Pinnavaia 1997) .
The major objective of the present work is to evaluate the efficiency of mesoporous activated alumina (MAA) for simultaneous removal of selenite and selenate. Other objectives include delineation of various adsorption and kinetic parameters to determine the adsorption efficiency and to estimate the rate of reaction to understand the mechanism of adsorption. The effect of pH and presence of competitive co-ions on the selenium adsorption have also been studied. Regeneration study was also performed in order to access the suitability of the adsorbent for field application to real drinking water treatment systems.
Materials and methods

Materials
Mesoporous activated alumina (MAA) used for the present work was procured from SASOL, GmbH Germany (Grade PURALOX). Spherical beads of alumina were used after washing with deionized (DI) water (18 MΩ resistivity, obtained from MilliQ DI water system), without any chemical treatment. Analytical reagents such as sodium chloride, sodium nitrate, sodium sulfate, sodium carbonate and sodium bicarbonate were purchased from E. Merck India Ltd. Commercially available standard solutions of selenite and selanate of concentrations 1000 mg L −1 were purchased from Inorganic Ventures, USA. Working solution concentration of 200 µg L −1 of selenite and selenate was prepared by dilution with DI water.
Material characterization
Powder X-ray diffraction (XRD) measurement was carried out using a bench-top X-ray Diffractometer (Model Rigaku Miniflex, Japan) operated with Ni-filtered Cu Kα radiation at 30 kV and 15 mA. The samples were scanned at 2θ ranges from 5° to 80° using a step size of 2°min −1 . The FTIR spectra were recorded by using Fourier-transform infrared (FTIR) spectroscopy (Bruker, Model Vertex-70, Germany) to identify the nature and type of functional groups formed on the adsorbent surface. Sample was scanned in the range of 400-4000 cm −1 . The SEM micrographs were taken using a Stereo scan S250 MK3 (Cambridge Instruments, UK) instrument operating at 25 kV to characterize the morphology of the particles. BET surface area measurements were carried out using Micrometrics ASAP 2010 K surface area and pore size analyzer to evaluate the reactive surface areas using standard multipoint nitrogen adsorption isotherms. Zeta potential was measured using a zeta analyzer (Nanoparticle analyzer, Horiba scientific, Japan) using light scattering method. The colloidal solution of alumina was prepared in deionized water having a conductivity of < 2 μS cm −1 . The zeta potential was calculated using Smoluchowski's method.
Methods
Adsorption studies and isotherms
Batch adsorption study was carried out by varying the adsorbent dose. Different doses of MAA were suspended in a 250 ml polypropylene conical flask in the presence of 100 ml of analyte solution concentration of 200 µg L −1 . The pH of the suspension was adjusted at neutral condition and placed at orbital shaker (Maker: Remi) for 12 h at 25 °C. Filtration was done, and the filtrate was collected for further analysis. The percent removal of selenium for each adsorbent dose was calculated by the following formula:
where C o is the initial concentration and C e is the final concentration.
In the present study, we have considered two adsorption isotherm models, namely Langmuir and Freundlich isotherms. Langmuir equation is derived from mass kinetics, assuming the monolayer adsorption of the adsorbate at homogenous active sites of the adsorbent. The linear form can be represented as follows (Langmuir 1916) :
Similarly, adsorption at heterogeneous sites of an adsorbent with multilayer adsorption can be defined by the Freundlich model. The linear form of Freundlich adsorption model may be represented as follows (Freundlich 1906) :
where q e denotes the amount of adsorbate adsorbed per unit weight of adsorbent at equilibrium (mg g −1 ), q m denotes the maximum adsorption capacity (mg g −1 ), K L denotes the Langmuir constant, C e denotes the equilibrium concentration of adsorbate in solution (mg L −1 ), K f denotes the Freundlich constant, n denotes the Freundlich constant, which reflects adsorption intensity and Q m denotes the theoretical adsorption capacity (mg g −1 ).
Kinetics study
Kinetics study was performed by adding the optimal dose of the adsorbent at an initial concentration of 200 µg L −1 . The suspension was agitated by a laboratory mechanical stirrer, and filtrates were collected at predetermined time intervals. Residual analyte concentrations were estimated in the filtrate.
The experimental data observed from kinetics studies were fitted into pseudo-first-order and pseudo-secondorder models. The linear form of pseudo-first-order kinetic model (Lagergren equation) may be represented as (Lagergren 1898):
where q t and k ad are the amount of selenium adsorbed at time t (mg g −1 ) and the equilibrium rate constant of pseudo-firstorder adsorption (min −1 ), respectively. The linearized plots of log (q e −q t ) versus t give the rate constants.
The linear equation of pseudo-second-order model may be written as: Ho and McKay (1999) And
where q e is the amount of selenium adsorbed at equilibrium (mg g −1 ) and h is the initial sorption rate (mg g −1 min −1 ). The values of q e (1/slope), k (slope 2 /intercept) and h (1/intercept) can be calculated from the plots of t/q t versus t.
Pore diffusion study
Sorption of an adsorbate on porous solid adsorbent can also be modeled by pore diffusion models, which can be either interparticle diffusion or intraparticle pore diffusion model. The linear form of Interparticle diffusion model can be represented as (Weber and Morris 1987) :
where k p denotes the particle diffusion coefficient (mg g −1 min), which p can be obtained by slope of the plot between ln(C t /C e ) and t.
The intraparticle pore diffusion model or the Weber and Morris plot can be written as (Weber and Morris 1987) :
where k i denotes the intraparticle diffusion coefficient (mg g min 0.5 ), which can be obtained from the slope of plot of q t verses t 1/2.
Effect of pH on adsorption
Affinity of the adsorbent was evaluated at a broad range of pH ranging from 4 to 9. Optimal dose of the adsorbent was taken, and pH of the suspension was maintained by addition of NaOH or HCl. After 12 h of shaking, filtrates were collected and residual analyte concentrations were measured. pH of the solution was also monitored during the course of adsorption. Five hundred milliliters of the solution was prepared at an initial analyte concentration of 200 µg L −1 , and optimal dose of the adsorbent was added to it. pH value was recorded at a time interval of 30 min by a freshly calibrated pH meter (PCT 35, Eutech).
Effect of presence of other ions
The effect of interfering ions, which are normally present in drinking water, was studied in two ways. In one case, tap water was spiked with 200 µg L −1 of the analytes (TW), and in another case spiking of the analytes was done in simulated water (SW), which was prepared with the composition of chloride 100 mg L −1 , bicarbonate 50 mg L −1 , carbonate 200 mg L −1 , phosphate 1 mg L −1 and sulfate 20 mg L −1 . Adsorption studies were conducted at optimal dose to evaluate the effect of presence of co-ions.
Regeneration of saturated adsorbent
MAA was saturated with the analyte with an initial analyte concentration of 200 µg L −1 at optimal dose. Regeneration studies were conducted by shaking the required quantity of saturated adsorbent for 1 h with regenerant, i.e., NaOH. After each cycle, the adsorbent was subjected to proper washing with deionized water. Weight loss during each regeneration cycle was also calculated. Concentration of the NaOH and time was optimized for determining optimum conditions for effective regeneration.
Analysis of selenium
Concentrations of selenite and selenate were analyzed by inductively coupled plasma-mass spectrometer (ICP-MS, NexIon 300, PerkinElmer, USA) by external calibration method. Standard NIST traceable selenium solutions of concentration 1000 mg L −1 were procured from Inorganic Ventures, USA, and working standard solutions of concentrations of 5 µg L −1 , 10 µg L −1 , 30 µg L −1 , 50 µg L −1 , 100 µg L −1 , 150 µg L −1 and 200 µg L −1 were prepared from the stock solution by serial dilutions. All the samples were analyzed at a minimum calibration coefficient of 0.9998.
All the experiments were carried out in duplicate to minimize the manual error levels. Sorptions of analyte onto vials were assumed to be negligible.
Results and discussion
Material characterization
The pXRD pattern of MAA presented in Fig. 1 shows no sharp peaks, which suggest the typical amorphous nature Fig. 2 show the highly porous surface morphology of MAA. Further, highly interlinked mesoporous channels were observed, which may lead to considerably high surface area for MAA than other forms of alumina. The MAA possess BET surface area of 189.12 m 2 g −1 and pore volume of 0.4691 cm 3 g −1 . The adsorbent also shows average pore size of 98.63 A°, which further confirms the mesoporous nature of the alumina with higher surface area. Details of the material characterization have been discussed in some of the previously reported articles from our group (Bansiwal et al. 2010; Pillewan et al. 2011; Jain et al. 2015) .
Adsorption isotherms
To determine the adsorption capacity and understand the nature of adsorption, a series of selenite and selenate solutions were shaken by varying the dose of MAA at 25 °C for 12 h. Adsorption data were fitted for Langmuir and Freundlich isotherms ( Fig. 3 and Table 1 ). The higher value of correlation coefficient suggests better fitting for the Freundlich isotherm model for describing the adsorption of selenite and selenate on MAA, which confirms the heterogeneous nature of adsorption sites. The maximum adsorption capacity (Qmax) for selenite and selenate by MAA obtained from Langmuir isotherm model was found to be 1666.67 µg g −1 and 142.85 µg g −1 , respectively, whereas for Freundlich isotherms those values were 9.02 µg g −1 and 5.38 µg g −1 for selenite and selenate, respectively (Table 1) . Comparative study of adsorption capacities between selenite and selenate species suggests better affinity toward selenite species. Many previous works also support that any adsorbent developed for removal of selenium species has better adsorption efficiency toward selenite than the selenate species (Chan et al. 2009; Han et al. 2011; Kuan et al. 1998a, b; Rovira et al. 2008) . 
Kinetics study
Rate of adsorption of solute signifies the residence time of the sorption reaction and the potential rate controlling step, which are the important parameters for measurement of efficiency of adsorbent and mechanism of adsorption. Adsorption of selenite and selenate with respect to time reveals that equilibrium has been achieved at 70 and 120 min for selenite and selenate, respectively. The kinetics data have been fitted to pseudo-first-order and pseudosecond-order kinetic models (Fig. 4) , and different kinetics parameters are presented in Table 2 . The initial adsorption rate of selenite by MAA is 476.19 µg g −1 h −1 , which is more than that of selenate 63.28 µg g −1 h −1 . It was observed that for adsorption of selenite, the betterfitted model is pseudo-second-order model, but adsorption of selenate follows pseudo-first-order model. This is probably because selenite strongly bonds to the adsorbent surface via the formation of stronger inner-sphere complexes, whereas selenate binds weakly and takes more time to reach equilibrium in the slow process (Chan et al. 2009; Ford 1987) . The linear plots of particle diffusion and intraparticle pore diffusion models are also given in Fig. 4 , for selenite and selenate, respectively. The values of different parameters are given in Tables 3, 4 . Better fitting of intraparticle diffusion model for both selenite and selanate indicates that diffusion of adsorbate within the pores of adsorbent particle is contributing more toward rate determining step. 
Effect of pH on adsorption
From Eh-pH diagram for the Se-H 2 O System, it is clear that selenium exists in as many oxyanionic forms such as HSeO 4 − at pH < 2, HSeO 3 − at pH 2 to 7 and as SeO 3 − in alkaline pH. The effect of pH on adsorption capacity of MAA may be inferred from the zeta potential values. The zeta potential measurements indicate that zeta potential of MAA was between + 56.1 and − 24.4 mV in the pH range of 3-11. The isoelectric point obtained from the experimental data points was at pH of 8.6, which suggests that surface of the MAA has negative charge at pH above 8.4 and positive charge at near-neutral-to-acidic range (Fig. 5 ). Considering prevalent surface charges of the adsorbent and adsorbate and also according to observed zeta potential measurements, adsorption capacity of the MAA for selenite and selenite should decrease with increase in pH.
To study the effect of pH on adsorption capacity of MAA, adsorption study was conducted at solution pH ranging from 4 to 9. As evident form Fig. 6 , adsorption of both selenite and selenate has a strong correlation with variation in pH. Removal of selenite has been reduced from 80.35% at pH of 4 to 38.22% at pH of 9. Similarly, in the case of selenate the adsorption efficiency has been drastically reduced from 72.34 to 37.35%, when pH of the solution was changed from 4 to 9. This trend also agrees with the results obtained from zeta potential measurements. As per the reported literature, for most of the adsorbents, the adsorption capacity drastically reduces in alkaline pH (Das et al. 2013; Jordan et al. 2013; Wei et al. 2012; Su et al. 2008) . The lowering of adsorption efficiency at the alkaline pH range may be due to competition of OH − at the active sites of the adsorbent.
The variation of pH with respect to time during adsorption process was also monitored. It was observed that during the course of adsorption of selenite, the supernatant pH was found to be almost stable, whereas in the case of selanate, pH increases slightly toward alkaline range. However, in both the cases the pH of the solution was in the permissible range of 6.5 to 8.5 for drinking purposes as per BIS-10500 (Indian Drinking Water Standards), signifying the suitability of treated water for drinking purposes.
Selectivity study
The influence of several anions on adsorption efficiency of MAA for selenite and selanate removal was investigated. Chlorides, nitrates, carbonates, bicarbonate, sulfates and phosphate were selected as potential interfering anions as these are commonly found in natural water bodies. As per the Indian Standards (Anonymous 2012a, b) for drinking water (IS 10500:2012), the maximum acceptable limits for chlorides, nitrates, total alkalinity as carbonates and sulfates are 250 mg L −1 , 45 mg L −1 , 200 mg L −1 and 200 mg L −1 , respectively. Selenite and selenate were spiked separately in DI water, tap water and simulated test water. In cases of spiking with tap water, no significant change in adsorption efficiency of MAA was observed. However, in simulated water, the presence of competitive ions at higher concentrations significantly affected the adsorption capacity. The adsorption capacity of MAA in SW was found to be lowered from 62.58 to 46.82% for selenite and from 72.65 to 55.27% in the case of selenate. Many researchers mentioned that sulfate and phosphate are the most competitive co-ions for adsorption of selenite and selenate, respectively (Das et al. 2013; Rajan 1979; Jegadeesan et al. 2005; Wijnja and Schulthess 2000; Fukushi and Sverjensky 2007) . So, the material may be 
Mechanism of adsorption
Comparative FTIR spectra for MAA and Se-loaded MAA are presented in Fig. 7 . In the case of MAA, distinct peaks were observed at wavelength around 3670 cm −1 , between 3200-3500 cm −1 and 2400 cm −1 . Peaks between 3200-3599 cm −1 and 2400 cm −1 can be assigned to different vibrations of crystalline -OH group, while Al-O-H stretching mode can be observed at a sharp peak at 3670 cm −1 . Significant decrease in the intensity of peaks between 3200 and 3500 cm −1 has been observed after adsorption of selenium, which indicates the adsorption of selenium over MAA surface with the replacement of -OH group. It is a widely reported fact that oxyanions have a strong tendency to bind with -OH group (Meher et al. 2015) . It has also been reported that the adsorption of selenium on amorphous metal oxides is through formation of inner-sphere surface complexes, which are significantly influenced by pH and ionic strength of the adsorbate solution (Chan et al. 2009; Wijnja and Schulthess 2000; Fukushi and Sverjensky 2007; Catalano et al. 2006; Hayes et al. 1987) . This has been observed from the experimental results that adsorption of selenium drastically reduced with the increase in pH, which also indicates that the attachment of selenium on MAA surface is through formation of inner-sphere complex with formation of Se-O linkages. The formation of Se-O linkage can be observed by formation of a new peak at 1650 cm −1 , which is absent in raw MAA.
Regeneration and reuse study
Study of regeneration and reuse of the saturated adsorbent is important for consideration of the practical applicability in the field so that it can be used in a cost-effective manner. Oxyanions retained on the surface of activated alumina can be eluted with alkali or ammonia solution (Bansiwal et al. 2010; Pillewan et al. 2011 ). In the current study, NaOH has been studied as a regenerant. Concentration of regenerant was optimized by shaking the selenium-saturated adsorbent with different concentrations of regenerant solution for 2 h. It was observed that elution of selenite and selenate increases with increase in NaOH concentration up to 0.2 M, after that no change in concentration of selenium was observed in the eluent. With the optimized eluent concentration of 0.2 M, almost all the selenite and selenate were desorbed, showing the complete regeneration of the adsorbent. It is evident from the results that up to four regeneration cycles, no significant change in the adsorption capacity (98.34-93.35 µg g −1 ) of MAA was observed. However, after the fourth cycle adsorption capacity starts gradually decreasing and falls up to 72.35 µg g −1 in the tenth regeneration cycle. Average weight loss during each regeneration cycle was measured and found to be negligible of only 0.3%. The regeneration and reuse study proves the suitability of the adsorbent for column studies in a continuous flow mode.
Conclusions
MAA shows potential uptake properties to remove both selenite and selenate from water. Amorphous phase of MAA and presence of mesoporous channels leads to better surface area and more active sites for better interaction between adsorbate and the adsorbent. Adsorption isotherm data show multilayered adsorption in heterogeneous active sites of the adsorbent signifying higher adsorption capacity. Experimental data for kinetics and FTIR spectra suggest the removal of selenite and selenate through chemical interactions and formation of inner-sphere complexes. It overcomes the limitations of conventional adsorbents such as low removal efficiency for selenate and loss of removal efficiency in the presence of potential competitive anions, particularly sulfate. However, low adsorption affinity at alkaline range is still a challenging issue. Regeneration and reuse study confirms the applicability of MAA for field applications to treat drinking water contaminated with selenium, as gamma alumina is a stable phase available abundantly and is of low cost. 
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